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CONTINUOUS CONTROL OF REFRIGERATING APPLIANCES; 
LIMITS DUE TO CAPILLARY TUBE BEHAVIOUR 
L.J.M. KUIJPERS and M.J.P. JANSSEN 
PHILIPS Research Laboratories, Eindhoven (NL) 
1 . INTRODUCTION 
The way of control normally selected for domestic refrigeration equipment has 
to be characterized by aspects of simplicity and reliability; these aspects form the 
most important reason for the on/off control applied. The use of a capillary tube 
together with a compressor running at full capacity, provides a stable and acceptable 
functioning over a wide ambient temperature range. "Acceptable" in this respect means 
that the evaporator is filled with a sufficient amount of refrigerant at a reasonable 
energy consumption of the compressor. One important aspect has to be mentioned as 
well. In contrast with large cooling systems where measures are taken to control the 
charge in various components, small domestic equipment functions with a fixed total 
amount of refrigerant charge in the cycle. This amount of charge should yield good 
cooling conditions for a wide range of ambient temperatures, which conditions result, 
for a large part, from the capillary tube characteristics. 
The on/off control forms the subject of many investigations at present, especi-
ally on numerical simulation; the number of papers published on this topic, being 
already large, is steadily growing. Kruse /1/ gives a review of the phenomena influ-
encing the efficiency of the on/off cycle; he concludes that a certain improvement 
in energy consumption is possible if a proper stepwise control is applied. Two-step 
capacity control for small refrigerating equipment has been numerically investigated 
by Kuijpers /2/. Although considerable improvements -in the order of 10% and more-
could be established, the variation in capacity possible with two-step control is 
concluded to be too small for domestic refrigerating equipment. This means that, out-
side a certain ambient temperature range, on/off control has to be applied again. 
Full advantage of capacity control can only be obtained in case the capacity can be 
substantially reduced compared to the maximum possible; this e.g. is possible by the 
use of continuous control. However, this way of control may put extra requirements 
to the refrigerant charge to be used. . 
ln an increasing number of publications, especially from Japanese authors, it is 
proposed to use a compressor of the continuous control type in a small refrigerating 
cycle, see e.g. /3/. Together with this type of compressor control the application 
of an expansion valve, and sometimes of extra capillary tubes, all controlled by 
microprocessors, is considered to be necessary. The aim of the control consists of 
obtaining a low superheat in the evaporator under all kinds of conditions. Whether 
this requires certain provisions in case a fixed refrigerant charge is used or 
whether adaptations to the charge present in the cycle would be desirable -given 
certain ambient conditions- is not made clear in literature. 
There is a lower limit, as far as the cooling capacity needed for an appliance 
is concerned, for a stable and reliable operation of an expansion valve. Capacities 
required for average European appliances at low ambient temperatures, will normally 
be below this limit; the use of a capillary tube has to be preferred then. A study 
of the phenomena occurring in case continuous control is applied on a cycle equipped 
with 'conventional' components (normal heat exchangers and a capillary tube) there-
fore seems quite logical. It will serve as a reference in the discussion whether 
refrigerant charge and/or capillary tube have to be adapted as a function of the am-
bient temperature. 
In this paper a steady-state model is proposed, used for the investigation of 
the aforementioned effects; details of the model can be found in section 2. The 
steady-state model comprises a part with certain assumptions for the void fraction 
as a function of the quality; an intercomparison of various models and the selection 
of a correlation is given in_ section 3. Results and conclusions are presented in the 
sections 5 and 6. 
2. STEADY-STATE MODEL 
A lot of research has been performed on refrigeration cycles, especially for 
heat pump operation, where steady-state simulation models are used. However, the 
present day tendency is to use dynamic models for a detailed study of component 
behaviour, due to the fact that mostly on/off control is applied. 
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on'the other hand, steady-state models are realistic in case a cycle is continu-
ously controlled, assuming the control only depends on variations in the ambient tem-
perature and on the temperature setting of the refrigerating appliance. 
The steady-state calculation is performed using mathematical functions for the 









The polynomial function for the compressor capacity is derived from calorimetric 
tests; the approximation function for the capillary mass flow from data obtained from 
a separate model which has been described elsewhere /4/, in which model thermodynamic 
equilibrium is assumed. Approximating expressions are also used for the heat transfer 
coefficients of the heat exchangers, derived· from measurements 
k 
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u~o (4) 
Acond ~ Asupc + Ac + Asubc (S) 
where the heat exchanger is divided into regions of superheat, condensation and sub-
cooling; the first and the last are subdivided into a large number of elements. 
For the heat flow to the evaporator can be written 
A 
evap A + A e supe 
du (6) 
(7) 
where the heat exchanger is divided into regions of evaporation and superheat; the 
latter is subdivided into a large number of elements again. 
tn the heat exchanger calculations local heat-transfer coefficients are used, 
i.e. heat transfer coefficients the value of which depends on the temperature of the 
element: of the surface area considered. 
No pressure loss is assumed over both condenser and evaporator. 
The transmission loss of the appliance 
(8) 
is determined via calculations using the geometric description, heat transfer coeffi-
cients for natural convection and radiation from the inner and outer walls, as well 
as ~ertain material con$tants. 
Calculation of a steady-state cycle consists of solving a set of non-linear 
·algebraic equations. Calculations are performed according to an iterative scheme until 
convergence has been reached, i.e. the mass flows calculated for each of the compo-
nents are equal and the heat transported to the evaporator, Qe, is equal to the 
transmission loss_of the applian:e Qtrans· 
The calculat~onal method st~ll has one degree of freedom, this means that refri-
geration cycle conditions can be determined for a preset value of the superheat in 
the evaporator, the subcooling in the condenser or the total refrigerant charge in 
the system. This charge influences the superheat in the evaporator and hereby the 
capacity of the evaporator, i.e. the performance of the system as a whole. However, 
the effect of the amount of charge in a heat exchanger is directly dependent on 
assumptions for the void fraction; suitability of certain assumptions is dealt with 
in the next s~ction. 
3. VOID FRACTION 
Next to the liquid present in the subcooled part of the condenser, the liquid 
refrigerant flowing in the evaporating and condensating region in the heat exchangers 
determines the charge i1. the cycle for an impor-cant part. 
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~ig. 1 Local void (vapour) fraction as a function of the quality (for typical 
evaporation and condensation temperatures of 248K and 313K, respectively), 
determ~ned by the use of various kinds of correlation functions 
-for the relationsh~p recommended by Hughmark /9/ two curves are given, 
representing the minimum and maximum values being realistic for the heat 
exchangers investigated in thLs contribution-
ID 
ture conditions, annular flow is observed over a large quality rdnge during evap
o-
ration and condensation; this in despite of the circuiting being not straight in
 the 
heat exchangers normally applied. It therefore is reasonable to assume (semi-) annu-
lar flow in both evaporator and condenser and to neglect possible liquid entrainm
ent. 
Many investigations give correlations for the void fraction with quality for 
annular flow; most of these are of semi-empirical or empirical nature. In order 
to 
select an appropriate relationship for the description of the flow in the heat e
x-
changers of domestic refrigeration equipment, five relationships have been compa
red. 
The comparison takes into account the correlations given by Zivi 15/ and Levy 16/, 
based on theoretical assumptions, those given by Smith 171 and Fujie IBI based on 
theoretical considerations together with one empirical constant, as well as the 
corre-
lation published by Hughmark 19/, in which, via one empirical constant, all kinds of 
effects occurring in practice are incorporated. 
In Fig. 1 the void fraction is given as a function of the quality by the use of 
the above correlations, for both evaporating flow at 248K (0.124 MPa) and for conden-
sating flow at 313K (0.906 MPa). In case it is assumed that a uniform heat load is 
present over the evaporating region, a mean void fraction can be derived by inte
gra-
ting the local void fraction along the length of the two phase region. This can 
be 
done in the same way for both condenser and evaporator, yielding a mean void fra
ction 
as a function of the inlet quality (evaporator) -or the outlet quality (condenser)-
I 
a-
- l(. Lnlet 
1 
I a(x) dx (9) 
In Fig. 2 the mean void fraction is represented as a function of the inlet (out-
let) quality for the aforementioned evaporator and condenser conditions. 
Taking into account the results given in Fig. 2 the following can be stated. The
 
spread in the curves calculated via the Hughmark relationship is inherent to the
 
method in which guess values should be used, to be determined from assumptions f
or 
heat exchanger flow present. The different results obtained in comparison with t
he 
other relationships may be due to the fact that the correlation has originally b
een 
derived from measurements on large installations; a, maybe too, large extrapolat
ion 
towards domestic refrigeration equipment is necessary then. Relationships as tho
se of 
e.g. Zivi and Levy yield a very high mean void fraction for higher inlet qualiti
es. 
This implies that, in case variations in the ljquid amount in a heat exchanger are 
calculated by the use of the steady-state method, application of this kind of co
rre-
lations will lead to extremely large changes in evaporating length. This may not
 be 
realistic. 
For the condensation region, assuming an outlet quality of zero, the difference 
between the various relationships is marginal (see Fig. 2, b, xsO). For evaporation 
pressures a lower void fraction than predicted by the majority of authors cited 
15,6,7( is given by Fujie /81- This tendency is confirmed in ~ractice ~y preliminar~ 
measurements on a refrigerating appliance I 11 I; also by Wedek1nd 1121 1n a c_:'mfl~r_a~1Ve 
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Fig. 2 Mean void fraction as a function of the inlet quality (or outlet quality in the case of the condenser) for the temperatures, equal as in Fig. 1; 
this mean fraction is determined for a dry evaporator (or a subcooled 
condenser, i.e. integration has been performed from inlet quality to 1.0. 
-for the relationship of Hughmark /9/ the same statements as given under Fig. 1 are valid-
1.0 
analysis together ~ith some experimental results obtained from refrigeration cycles. Correlations taken into account have all been published in the 1960's; improvements 
may have been found since then. Nevertheless, in a recent publication by Tandon /10/, presenting an intercomparison bet~een the aforementioned correlations and an elaborate 
and detailed method of his o~, no conclusions can be found which point at a superior-ity of methods for approximating the void fraction at higher (above 0.1) qualities, ~hich have not been considered here. In the steady-state method described in this paper, the correlation as proposed by Fujie has therefore been implemented. For the total charge in a system can be ~ritten 
v-vsupe 
M ( ( 1- "'') P1e .. "'' Pve) v .. I p(T) dv .. p(Tcompr) v e e e 
v-o compr 
v~v v-v subc supc 
+((1-a1) Plc + ' ) v + J Pl,subc(Tv) dv .. I p (Tv) dv ( 10) c "'c Pvc c v-0 v-0 
in which the mean void fraction is no~ calculated using the Fujie correlation. The 
mass in the superheated parr of the evaporator and in the superheated suction pipe, the superheated part of the discharge circuit and the mass present in the compressor 
are calculated using ~emperature-pressure dependent relationships as given by Rom-busch and G~esen /13/. These are also used for the determination of other thermody-
namic data. 
For the larger part the total mass in the refrigeration system is determined by the parts of the heat exchangers filled with liquid. A lo~ charge results in a high 
superheat and a large superheaoed surface area, implying a lo~ suction pressure and 
a lo~ thermodynamic efficiency of the cycle. There is direct interaction bet~een the 
capillary tube characteristics and the refrigerant charge applied, see section 5. 
4. APPLIANCE CHARACTERISTICS 
The appliance on which the effects of continuous control have been Lnvestigated, is a 330 1 natural convection based upright freezer, equipped with eight evaporator 
shelves. The transmission loss of this freezer amounts to 46.5 W in case of ambient 
and freezer temperatures of 298K and 255K, respectively. It is assumed that the freezer is fully loaded with packages, of which the warmest package temperature is 
equal to 255K (-18 C) in the continuous control mode. For the air inside an average 
temperature of 252K (-21 C) can be taken under this condition, which value has been derived from measurements. 
Heat transfer relationships for the evaporator (loaded condition, which influences the heat transfer coefficient) and condenser have been determined in separate measure-
ments /11/, results of which are confirmed elsewhere /14/. For the heat transfer coeffi-
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Capacity and COP of the -commercially 
available- compressor applied in the 
330 1 freezer investigated. 
subcooling, superheat and ambient 
temperature amount to 29BK (25 C) 
kcon/.lT) ~ 0.0115.<lT + 1.449v:fT, 
.<lT T - T ( 11) amb 
k (tiT) "' 0.0536 jT + 1.893'f.:lT, 
evap 
.<lT Tcbt - T (12) 
The appliance is normally equipped with a 
capillary of 0. 71mm diameter (3.5m length). 
Capacity and input power of the compressor 
are derived from catalogue data of a 
commercially available compressor of the 
hermetic type; data are given in Fig. 3. 
Full capacity is presumed to be required 
at 316K (43 C) ambient. In order to have 
a clear presentation of the effects of 
continuous control it is assumed that 
lower capacities can be provided by the 
compressor at equal coefficients of per-
formance (COP). This will not be valid in 
practice, where the COP will decrease to-
wards lower capacities for all the control 
methods known. However, next to indications 
on a possible decrease in energy consump-
tion the main purpose of this study is to 
show whether good refrigeration conditions 
can be provided in the evaporator over a 
wide range of ambients. For the calculation 
of these conditions only the capacity 
function, i.e. the resulting mass flow 
through the compressor, is important. 
5. RESULTS 
Using the steady-state model, calculations have been made for three control 
strategies -the results of which are presented in Figs. 4 and 5- : 
-1. On/off control applying a compressor with a capacity large enough to keep the 
load at a temperature level of 255K (-18 C), for an ambient of 316K (43 C) -see 
Fig. 3-. The capillary capacity amouncs to 5.5 1 (see Table I) and the charge 
is kept constant (100g of R12); 
-2. Continuous control using the same capillary and refrigerant charge as under 1.; 
-3. Continuous control using the optimal capillary capacity and the optimal refrig-
erant charge (comparable to the use of an expansion valve controlled for low 
superheat as well as a storage of refrigerant). 
Data for the o~/off control strategy ar~ obtained from the steady-state model using 
full compressor capacity at different ambient temperacures, assuming a running time 
percentage to get the right cooling capacity. These results have to be considered in 
an approximative way since 
on/off losses are not taken into account (these losses will be in the range from 
10~ (298K) to 18~ (283K ambient temperature /2/); 
- the average COP of the on/off controlled compressor during running will be differ-
ent from the one assumed in steady-state condition, dependent on the on/off 
frequency /1/. 
Combination of these effects will result in an energy consumption as a function of 
the ambient temperature, which can be found in the shaded area (Figs. 4 and 5) around 
the curves calculated; the same holds for the running time percentage. ln comparing 
control scrategies it is convenient to consider the values calculated by the steady-
state model as a reference. 
capillary capacity 






















3.5 TABLE I. 
3.5 Capillary dimensions (length 
3.5 diameter) and equivalent 
3.5 nitrogen flow capacity 
3.5 (pressure difference 1 MPa) 
o+-----.-----,-----,-----, o+-----,-----,-----,-----, 
Fig. 4 Energy consumption dependent Fig.S Running time percentage and 
on the ambient temperature, in volumetric capacity of the 
relative sense (normalized to on/off and continuously con-100% at an ambient of 316K (43 C) trolled systems (normalized 
where continuous running is to 100% at an ambient of 
assumed) for 316K) for 
- an on/off controlled system (capillary S.S 1); 
- a continuously controlled system (capillary S.S 1, fixed charge); 
- a continuously controlled system (optimal expansion and charge). 
When applying the capillary with a 5.5 1 capacity in the continuous mode, savings in energy consumption between 0 and 254 can be observed, dependent on the ambient tem-perature. This clearly shows the saving potential of continuous control, which is 
caused by the fact that higher evaporation and lower condensation temperatures pre-
vail in the heat exchangers. It should be emphasized here that the refrigerant charge is kept constant over the ambient range, which results in a large superheated area in the evaporator at low ambient temperatures (280-290K). In fig. 5 the variation in 
the volumetric capacity of the compressor is given. Whilst from 316K down to 283K the 
transmission loss of the appliance is decreased by a factor of about two, the volu-
metric capacity of the compressor can be reduced by a factor of four. 
The continuously controlled mode can even ~e ~ade more efficient by an optimiz-
ation of the capillary tube capacity and the charge as a function of the ambient. In this optimization the important requirement is that the evaporator has to be filled 
with liquid for a large part, i.e. for more than 904. This in order to have a proper functioning ·::>f the evaporator. The resulting, lowest energy consumption obtainable (as e.g. by application of a continuous adaptation of expansion element and the refrig-
erant charge) is also given in Fig. 4. However, in case capillary tube(s) are used, this would require a switch in capillary tube capacities. This should be avoided in 
small refrigerating equipment where it is realistic to use one capillary and a fixed 
charge over a certain ambient range. Whether it will be possible to approximate this 
energy consumption with a fixed capacity and charge, is described below. 
Fig. 6 Influence of the cap~llary tube capa-
city on the efficiency of the cycle 
-in relative sense-, as a funct~on of 
the refrigerant charge applied. 
Amb~ent temperature 283K (10 Cl. 
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Fig. 7 Idem Fig. 6 Flg. 8 Idem Fig. 6, 
Ambient temperature 298K (25 C) Ambient temperature 316K (43 C) 
In Figs. 6, 7 and 8 the influence of the capillary capacity on the efficiency of 
the cycle is presented, dependent on the refrigerant charge applied. The efficiency 
is defined as the ratio of the evaporator capacity (transmission loss) and the com-
pressor input power. In the figures the influence is given in relative sense, i.e. 
the efficiency maximum obtainable (for certain capillary capacity and charge) is taken 
to be 1.0; this in order to give comparable figures for different ambient temperatures 
-characterized by different efficiencies-. In Figs. 6 to 8 a curve is given as well 
which represents the "90% filling grade" of the evaporator. 
The highest efficiency at an ambient of 316K (43 C) appears to occur when using 
a capillary capacity of 3.0 1 together with a refrigerant charge of slightly more 
than 130g. This charge, however, would lead to "overcharging" -low efficiency- at 
lower ambient temperatures. When using this charge of 130g at a low ambient tempera-
ture, the best choice would be a capillary with a somewhat lower capacity (between 
2.0 and 2.5 l capacity). 
In Fig. 9 the charges of refrigerant are given which result in a "90% filling 
grade" of the evaporator, dependent on the capillary capacity and the ambient tempera-
ture. The curves represent the same points as given in Figs. 6 to 8 by the "90% 
filling grade" lines. Instead of the capillary capacities of 3.0 1 and smaller, for 
which the necessary charge varies very much with the ambient temperature, application 
of a capacity of 3.5 l yields better results with respect to the purpose aimed at 
in this investigation. Together with a refrigerant charge of 113g this capillary 
capacity will yield a good filling of the evaporator over the whole ambient tempera-
ture range. It results in a rough 5% decrease in efficiency, compared to the values 
maximum obtainable (see Figs. 6 to 8). 
Fig. 9 Charges of refrigerant, the application 
of which results in a "90% liquid 
filling grade" (i.e. 90% of the heat 
exchanger tubing is in contact with 
evaporating liquid) of the evaporator. 
The charge necessary is glven as a 
function of the ambient temperature 
for a number of capillary tube 
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As far as energy consumption is concerned, the results are summarized in Fig. 10. 
Here the savings in energy consumption achievable with a capillary capacity of 5.5 1 
as well as with optimal controlled expansion are given -compare Fig. 4-. A third 
curve presents the saving possible ~ith the aforementioned capillary tube capacity 
of 3.5 1. 1t can be observed that, compared to the highest values possible, a 2-5% 
lower saving is being realized with this capillary capacity. Results, especially at higher ambient temperatures, can be considered to be more than satisfying. 
Fig. 10 Saving in energy consumption -in com-
parison with an on/off controlled cycle-
possible with an optimally controlled 
expansion element and charge, and ~ith 
a capillary of 5.5 1 capacity. 
Values obtainable by the application 
of the 3.5 1 capillary and a fixed 
charge (113 g) are given as well. 
6. CONCLUSIONS 
The use of a steady-state model is an appropriate way for the calculation of 
the behaviour of a continuously controlled refrigeration cycle. In this model certain 
assumptions for the liquid layers in the heat exchanger pipes play an important role. 
Compared to an approximative calculation of the energy consumption of an on/off 
cycle, reductions from 15 to 30% are calculated in case of continuous control apply-ing the optimal expansion element and a control of the refrigerant charge. Practical 
solutions for Small refrigerating appliances are negatively influenced by the 
capillary tube behaviour. On the other hand, it has been sho~ that an optimization 
can yield the dimensions of one capillary tube which is best given a fixed charge 
and certain ambient conditions. Using the steady-state model in case of a practical 
example the result has been obtained that application of this "best:" capillary tube induces a saving in energy consumption comparable to the saving determined for the 
optimal configuration. A saving of about 20% compared to the consumption calculated for the on/off cycle seems achie~able. 
Investigations have been performed on a cycle without using a capillary tube-
suction gas heat exchanger. Here too high charges yield an "overcharge", which directly results in a sharp decrease in efficiency. By applying a liquid-suction gas heat exchanger this decrease will be smaller, but the effect will always be negative. Optimization of capillary tubing may then be easier, since a certain small over-
charge -occurring in a small abient temperature range- can be tolerated then. It is a subject of further study. 
In order to get a good overview of the •aving potential of a large variety of 
configurations an "ambient temperature profile" -comparable to the reference 
heating seasons in heat pump calculations- would be of much use. Via this "profile" 
the influence of the whole ambient range can be incorporated in a weighed form in 
a sort of performance factor. 
A surface area 
d diameter 
h specific enthalpy 
k heat transfer coefficient 
1 length 
NOMENCLATURE 
/m2 I ,n 
/m/ M 
/Nm/~g/ Q 














a void fraction, 
at void fraction, 
p density 
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SUMMARY 
The control mode usually applied in domestic refrigeration apparatus is the on/off 
control, with application of a capillary and a fixed refrigerant charge. Continuous 
control of cooling equipment -dependent on ambient and preset cabinet temperature-
yields an energy saving which is maximal in case the expansion element and charge are 
optimally controlled. Given the sort of cooling equipment this is not realistic and also 
for continuous control application of one capillary and a fixed charge have to be pre-
ferred. Implications concerning the energy saving still realizible have been investi-
gated via numerical simulation. 
For this simulation a steady-state program is used, appropriate in case of con-
tinuous control. The mathematical model included for the void fraction' in the heat 
exchangers through which a two-phase mixture is flowing, is very important; it has been 
selected from a literature search. A large number of capillary capacities, together 
~ith different charges, have been simulated in case of an upright freezer; this kind of 
appliance puts extra requirements to the evaporator filling. It has been shown that an 
optimization is possible, i.e. that only one capillary capacity -presuming a fixed 
charge- leads to a good evaporator behaviour, independent of the ambient. Using this 
configuration a large part of the energy saving maximum possible can be realized. 
R!GLAGE CON!INU DES APPAREILS FRIGORIFIQUES; DELIMITATIONS CAUS~ES PARLE COMPORTEMENT 
DU CAP ILLAIRE 
RESUME: Normalement, de petits appareils frigorifiques sont regles d'une fa~on 'on/ofe, 
tandis qu'un seul capillaire et un charge fixe de refrigerant y sont appliques, Le 
reglage continu des appareils frigorifiques en fonction de la temperature ambiante, 
mene a une restriction maximale de la consommation de l'energie, quand un reglage 
optimal de l'element de l'expansion et du charge sont supposes. Pourtant, cela n'est 
pas realiste pour de petits appareils domestiques et il £aut preferer le capillaire 
unique et le charge fixe, aussi pour ce mode de reglage. Ce que sont les implications 
pour La restriction eventuelle de la consommation de l'energie, a ete examine dans cat 
article par la voie de la simulation numerique. Pour eels, un programme."steady-s.tate" 
est employe. Les admissions pour le "void fraction" y sont tres important. Un bon 
nornbre de capacites du capillaire a ete examine pour un congelateur vertical. Il parait 
qu'il n'y a qu'un seul capillaire qui mene a un bon comportement du cycle avec un charge 
fixe du refrigerant; ceci independant de la temperature ambiante. Ainsi, par cette con-
figuration il est possible que la consommation de l'energie peut etre restreinte 
presqu'au degre de la restriction maximale. 
14 
